ABSTRACT Atomic motions in protein molecules have been studied by molecular dynamics (MD) simulations; dynamics simulation methods have also been employed in conformational studies of polypeptide molecules. It was found that when atomic masses are weighted, the molecular dynamics method can significantly increase the sampling of dihedral conformation space in such studies, compared to a conventional MD simulation of the same total simulation time length. Herein the theoretical study of molecular conformation sampling by the molecular dynamics-based simulation method in which atomic masses are weighted is reported in detail; moreover, a numerical scheme for analyzing the extensive conformational sampling in the simulation of a tetrapeptide amide molecule is presented. From numerical analyses of the mass-weighted molecular dynamics trajectories of backbone dihedral angles, low-resolution structures covering the entire backbone dihedral conformation space of the molecule were determined, and the distribution of rotationally stable conformations in this space were analyzed quantitatively. The theoretical analyses based on the computer simulation and numerical analytical methods suggest that distinctive regimes in the conformational space of the peptide molecule can be identified.
INTRODUCTION
Intramolecular and intermolecular interactions in biological macromolecules such as proteins and nucleic acids can be described by an empirical potential energy function of the molecular mechanics type and studied by numerical methods such as energy minimization and molecular dynamics simulation techniques (McCammon and Harvey, 1987; Brooks et al., 1988) . Characteristics of localized atomic motions such as the anisotropy and the anharmonicity of the atomic potential of mean force (Northrup et al., 1981; Mao et al., 1982; Ichiye and Karplus, 1987) , and collective motions in proteins Levy et al., 1985; Post et al., 1989) have been studied. Due to the large number of interacting atomic particles and the resulting high dimensionality of biomolecular systems however, it is usually necessary to devise alternative methods for studying large scale structural changes (Mao and McCammon, 1983; Harvey and McCammon, 1981; Thaisrivongs et al., 1990) .
For short polypeptide chains, the sampling of molecular conformational space by molecular dynamics methods is expected to be more efficient in general, but may become limited in special cases (Kitson and Hagler, 1988; Al-Obeidi et al., 1989; Mao and Friedman, 1990) . For the tetrapeptide Phe-Met-Arg-Phe-amide (FMRFamide), which may function as a modulator of neurotransmitter release and ion channel activity in sensory neurons (Man-Son-Hing et al., 1989; Sweatt et al., 1989) , two of the backbone dihedral angles remain in their respective dihedral potential wells during molecular dynamics simulations, even at elevated temperatures, but make transitions to other potential wells when atomic masses in the system are weighted (Mao and Friedman, 1990) . Whereas others have employed mass scaling for efficient sampling of local potential energy surface in molecular dynamics (Bennett, 1975) and for damping high angular velocities of water molecules in computer simulations (Wood, 1979; Pomes and McCammon, 1990 ), we demonstrated that weighting atomic masses in a polypeptide molecular system increases the effective momentum of dihedral rotational motion in barrier crossing and therefore increases the efficiency of conformational search in molecular dynamics simulations (Mao and Friedman, 1990 ).
Here we report the details of the theoretical study in which the mass-weighted molecular dynamics (MWMD) method was applied to the conformational study of the tetrapeptide FMRF-amide; moreover, due to the extensive conformational sampling of the backbone dihedral angles, it is appropriate to devise a numerical analytical scheme for studying molecular structures generated from the computer simulation. In this numerical analytical scheme, distributions of the values of individual backbone dihedral angles of FMRF-amide in their respective full 360°-range were obtained from the MWMD trajectory; on the basis of these distributions, a set of nonoverlapping low-resolution structures covering all of the backbone dihedral conformational space of the molecule were determined uniquely without predetermined parameters. The results suggest that the confor-mational space of the molecule is divided into regimes which are populated differentially and separated from one another by potential energy barriers; in contrast, for tetraglycine amide, all molecular conformations are nearly equally populated. A comprehensive analysis of peptide conformations such as that described in this report will facilitate the characterization of the structure of free and receptor-bound forms of this important class of biological molecules and their function.
METHODS
Structure generation, energy minimization, and molecular dynamics calculations are performed in the macromolecular program system CHARMM , using standard procedures and options of the program package. Supplementary FORTRAN programs have been written for the analyses of the trajectories generated from the simulation. Parameters and characteristics of the MWMD simulation are first described in the Simulations subsection. Trajectories, or time series, of individual backbone dihedral angles are then computed from the coordinate sets saved during dynamics simulation.
For conformational analyses, the noise in individual dihedral trajectories from MWMD was first filtered numerically. Time steps at which a dihedral angle is in rotational transitional state are then identified on the basis of numerically determined first and second derivatives of the filtered trajectory; the number of potential wells and their location in the full 3600 range are then determined from all time steps at which the dihedral angle is not in rotational transitional state. Numeric labels identifying dihedral potential wells are then assigned to individual dihedral angle values in the time series, and the backbone conformation of a molecular structure in the simulation is specified by the collection of such labels for backbone dihedral angles. These procedures are described in the Analyses subsection below.
Simulations
For the initial conformation of Phe-Met-Arg-Phe-amide, the internal coordinates (ie., covalent bonds, bond angles, and dihedral angles) of each amino acid are set to values in an average structure of the corresponding amino acid residue type which was computed from globular proteins in the Brookhaven Protein DataBank (Mao, B., unpublished data) . The amino-terminal of the molecule is protonated, and for the carboxy-terminal amide, the internal coordinates are initially set to equilibrium values in the parameter set and hydrogen atoms are set in a planar arrangement. The molecule is then energy-minimized for relieving strains in internal coordinates and intramolecular close contacts. For energy minimization the dielectric constant is set at a constant value of 80 in place of explicit solvent molecules. For nonbonded interactions (van der Waals and electrostatic terms), atom pairs with interatomic distance greater than a cutoff of 8.0 A are excluded (due to their negligible contribution to the total energy), and for hydrogen-bond interactions, donoracceptor pairs with interatomic distance greater than a cutoff of 4.5 A are excluded. In energy minimization of the initial structure, the nonbonded and hydrogen-bond lists are regenerated at every 25 steps in the adopted-basis Newton-Raphson procedure. Backbone dihedral angles 4) and * of the energy-minimized structure are listed in Fig. 6 . Molecular dynamics of FMRF-amide was started from the energyminimized structure, using the same set of nonbonded and hydrogenbond cutoffs for intramolecular interactions as that in energy minimization. The numerical integration of Newton's equation during dynamics follows the scheme of Verlet Verlet, 1967) , with an integration time step of 0.0009766 ps. The first 20 ps of a simulation was devoted to heating and equilibration of the system. During the heating phase, the temperature of the system was increased at 30°K increments and at 0.5 ps intervals until it reaches nominal system temperature T,; for any temperature T during the heating phase, atomic velocities are assigned from a Gaussian distribution at T. In the equilibration phase, the temperature of the system was repetitively assigned at T, at 0.5 ps intervals. At 
RESULTS

Mass-weighted molecular dynamics simulations
In the mass-weighted molecular system, the potential energy function terms which describe nonbonded interatomic interactions within the molecule remain unchanged whereas atomic masses are weighted by w. The molecular dynamics integration of this system nonetheless should, as in molecular dynamics integration of normal systems, generate a microcanonical ensemble, in spite of mass weighting and the extra constraints placed on covalent interactions. As expected for a microcanonical ensemble, (a) the total energy (kinetic energy plus potential energy) of the system remains essentially constant during MWMD, with a mean total energy of 1,880.0 kcal/mol, and (b) the total energy is approximately equally divided between the kinetic energy and the potential energy. The large potential energy is almost entirely due to the harmonic constraint terms; the aggregate of dihedral angle terms and that of nonbonded interactions contribute 1% each to the total potential energy. The RMS fluctuation in the total energy is 17.5 kcal/mol (or 0.9% of the mean energy); this fluctuation is larger than that in normal MD, resulting from the larger kinetic energy in the system due to larger atomic masses and the large harmonic constraints placed on internal coordinates. Fig. 1 shows the comparison of typical trajectories from MD and MWMD simulations in the first 100 ps for two of the dihedral angles. For MWMD, the fluctuations in dihedral angles are considerably but not completely damped and the slowly fluctuating and drifting values of p cover the entire 3600 range during the simulation. To determine the number and the range of potential wells in the 3600 space for dihedral angle p, fluctuations in the time series for p from MWMD trajectory, p(t), are filtered and time steps at which the speed of dihedral liberation, ;'(t), is at local maximum are determined; at those time steps for which up '(t) is close to such maximal velocities the dihedral angle p is considered to be located in a potential well, and at all other time steps, in transitional state. Fig. 2a shows the time series for p4(i.e., the backbone dihedral angle * of Met2), with the filtered values shown in the superimposed curve. The scheme shown in Fig. 2b then is used to determine whether dihedral angle p is in transitional state at a given time step. When original values p(t) for dihedral angle + of Phe, in the MWMD trajectory are displayed in a histogram (Fig. 3a, curve 1 Fig. 3a is indeed an inverse of the potential energy barrier curve (Fig. 3a, curve 2 ). Our analysis of the time series is thus consistent with the classical mechanics description of the dihedral libration as an approximate multiwell harmonic oscillator described in the Methods section. Moreover, the potential energy barriers shown in curve 2 of Fig. 3a coincide with the threefold symmetry of the dihedral potential for 4), in the potential energy function, indicating that the rotational freedom of the amino-terminal amine group is essentially not hindered by intramolecular interactions in the intact molecule. Whereas other algorithms have been used for filtering noise in molecular dynamics trajectories (Sessions et al., 1988) , the more straightforward analyses described here nonetheless present a complete description of the dihedral libration in a short peptide molecule such as FMRF-amide; Fig. 3a shows that the amino-terminal amine is a freely rotating group, not significantly constrained by intramolecular interactions, whereas the distributions of values for interior and * dihedral angles during the 400 ps simulation are bimodal (Fig. 3b) , and the 4)-qj plot (Fig. 3c) correlates with contours in the potential energy surface of peptide stereochemistry (Ramachandran et al., 1966) . Results in Fig. 3 show that the conformational space of 4) and * dihedral angles of individual amino acids is well sampled in the MWMD simulation.
Conformational analyses
With the exception of 4), for the amino-terminal amine group, which has three potential wells (three peaks in Fig. 3a) , all other backbone dihedral rotations have bimodal distributions (e.g., two peaks in Fig. 3b ). Dihedral angle values that define the range of these potential wells are shown in Table 1 . Given these definitions, the backbone conformation of any structure of FMRFamide in the MWMD trajectory can be specified by an ach potential well is specified by two numbers (in degrees) defining its lower and upper bounds (which are obtained from Fig. 3 b) . If the leading number is larger, then the range includes 00 (3600). The eight dihedral angles are also referred to as Vpj,j = 1, 2,...,8; VP is 4) in Phe, at the amino-terminus.
shows that rotation of the amino-terminal amine group does not provide any significant bias in the distribution of stable conformations.
The convergence of conformational sampling in an MWMD simulation can be monitored as shown in Fig. 5 .
From the pseudo-.9; statistics shown in Fig. 4 , the population of some of the stable conformations for FMRF-amide can be obtained ( (i.e., l') and in either well for P8 (i.e., I4, which directs the terminal amide group) contribute nearly equally, and Fig. 6 shows a representative structure in this group; the structure specifically belongs in the 71-tuple 2222121. As a reference, the starting histogram from p(t) for all t; curve 2, from wp(t) for all time steps at which p1 is in transitional state as determined according to the scheme shown in Fig. 2 b; Statistics of conformational states of FMRF-amide. Low-resolution structures of the molecule are specified by 71-tuples as described in the text. All 128 71-tuples are displayed linearly and divided into eight groups; each group is specified by a label in which (-) represents any of the numeric labels for the dihedral angle in its position. For example, the group represented by 111-includes 16 71-conformations 1ll25 6 7 8, where each Yi(j = 5,. .., 8) can be either 1 or 2; 1111111 is the first molecular conformation displayed for the group, followed by 1111112, 1111121, 1111122, . . . etc. Pseudo-9'; non-9; and pesudo-.9'7 statistics are defined in the text. In each type of statistics, the numbers of molecular structures from the MWMD trajectories in 7,-tuple categories are displayed. The solid triangle points to the 71-tuple in which the energy-minimized structure of FMRF-amide (also the starting structure for MWMD) belongs.
conformation of FMRF-amide for MWMD belongs in the 71-tuple 1212221, also shown in Fig. 6 and marked by a filled triangle in Figs. 4 and 5. Fig. 7 shows that the molecular conformation of FMRF-amide during MWMD simulation undergoes transitions between various conformations without being trapped in any particular conformation for any length of time, and that the molecular conformation space is sampled continually during the simulation. As a control experiment for the MWMD conformational sampling, a reference tetrapeptide amide, Gly-GlyGly-Gly-amide or GGGG-amide, is constructed and treated with energy minimization and mass-weighted molecular dynamics simulation in an exactly identical manner as for FMRF-amide. The histograms in Fig. 8a for two representative backbone dihedral angles in GGGG-amide show that values of ti dihedral angle are more evenly distributed in the entire range in comparison with FMRF-amide, and that there is only one potential well for 4 dihedral angles. When the dihedral space for dihedral angles P2 through Vp8 is divided into two potential wells of equal width, the conformational space sampling and the distribution of stable conformations can be analyzed in the same manner as for FMRFamide. The pseudo-.rstatistics (Fig. 8b) shows that the conformational space is sampled much more uniformly, as expected for GGGG-amide in which there are no sidechain groups and for which less conformational preference is expected. Stable conformations for GGGGamide (pseudo--9;7 statistics in Fig. 8b ) are also more evenly distributed, compared to the preference of some stable structure for FMRF-amide. These comparisons suggest that the preferred conformations for FMRFamide shown in Fig. 4 result from intramolecular interactions among amino acid sidechain groups in the molecule.
DISCUSSION
We have demonstrated here that, by weighting the atomic mass in a molecular simulation system, the The total number of MWMD structures in this category in the last three time periods in Fig. 5 FMRF-amide molecule. The analyses showed that stable conformers (i.e., proper 8-tuples and 7,-tuples) exist in the simulation. Such stable conformations a priori may not have existed in the simulation in which case the molecule would have been flexible in the sense that at any given time step some backbone dihedral angles will be in rotational transitional state. As described in the previous section however, stable molecular conformations exist, and some of the stable backbone conformations for FMRF-amide are occupied more frequently than others, most likely due to intramolecular interactions involving sidechain groups of FMRF-amide. In contrast, both conformational sampling and the distribution of stable conformations for tetraglycyl amide are uniform among various molecular conformations. In the procedure described here, the stable conformation with a highest statistics (cf. Fig. 4 ) represents the most probable structure for the molecule.
Short peptides are expected to have quite flexible molecular structures and yet they can be induced to adopt specific conformations (Kaiser and Kezdy, 1984) or to raise specific antibodies (Pain et al., 1990) , and functional conformations of biologically active peptides can be determined by a variety of techniques (Taylor and Osapay, 1990 ). On the other hand, the extensive conformational sampling by the mass-weighted simulation method made it possible to identify stable conformations independent of the starting structure and to monitor the convergence of simulation results. Moreover, the molecular flexibility can be quantitatively described on the basis of distribution and statistics of different stable conformations available for the molecule. Molecular structures in the MWMD simulation identified to be in low-resolution stable conformations can be further characterized by extending the molecular simulation via energy minimization and/or conventional molecular dynamics methods.
With the mass weighting, the MWMD method is expected to further enhance the efficiency of molecular dynamics-based methods in macromolecular conformational sampling in comparison with the Monte Carlo method (Northrup and McCammon, 1980) . In the velocity-based approach for increasing conformational space sampling (i.e., high temperature simulations [Di Nola et al., 1984; Bruccoleri and Karplus, 1990] ), the molecular dynamics integration becomes numerically unstable at high temperatures, with or without harmonic constraints on covalent interactions (Mao, B., in preparation) . The MWMD method in contrast modifies the mass in the 0 a n III**** 112900* 12100*0 122*000 2110000 2120*00 2210*00 2220000 momentum expression instead, and average atomic velocities in the simulation can thus be maintained in the regime where numerical integration remains stable; due to this numerical stability, the simulation does not require a smaller integration time step, which would have improved the numerical integration of the velocitybased high temperature simulations but would have required more processor time for the same total simulation time length (say 200 ps). Whereas peptide conformation sampling has been studied by other methods (Bruccoleri and Karplus, 1990; Vasquez and Scheraga, 1988; Vajda and Delisi, 1990) , the MWMD simulation and numerical analytical methods described here requires no predetermined parameters and appear to be more efficient. Although a continuum dielectric constant was chosen here to represent solvent environment of the peptide molecule, the massweighted simulation approach can be similarly applied if solvent effects were treated in a different manner. Whereas the presence of sidechain groups in FMRFamide results in some preferred backbone conformations for the molecule (in contrast to the comparative results of GGGG-amide simulation), a detailed analyses of sidechain X angles and hydrogen bond interactions will be essential in determining the details of intramolecular contributions from sidechain groups to the preferred backbone conformations shown in this study; conformation analyses of sidechain dihedral angles will be reported separately. Other future studies include the investigation of the nature of unpopulated conformations of FMRF-amide shown in Fig. 4 .
